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The incorporation of Eu into the diamond lattice is investigated in a combined theoretical–
experimental study. The large size of the Eu ion induces a strain on the host lattice, which is
minimal for the Eu-vacancy complex. The oxidation state of Eu is calculated to be 3+ for all defect
models considered. In contrast, the total charge of the defect-complexes is shown to be negative:
−1.5 to −2.3 electron. Hybrid-functional electronic-band-structures show the luminescence of the
Eu defect to be strongly dependent on the local defect geometry. The 4-coordinated Eu substitu-
tional dopant is the most promising candidate to present the typical Eu3+ luminescence, while the
6-coordinated Eu-vacancy complex is expected not to present any luminescent behaviour. Prelimi-
nary experimental results on the treatment of diamond films with Eu-containing precursor indicate
the possible incorporation of Eu into diamond films treated by drop-casting. Changes in the PL
spectrum, with the main luminescent peak shifting from approximately 614 nm to 611 nm after the
growth plasma exposure, and the appearance of a shoulder peak at 625 nm indicate the potential in-
corporation. Drop-casting treatment with an electronegative polymer material was shown not to be
necessary to observe the Eu signature following the plasma exposure, and increased the background
luminescence.
Keywords: Diamond, Eu, doping, defects, DFT, Density Functional Theory, electronic structure, phonons,
photoluminescence
I. INTRODUCTION
Many of the current day quantum technology appli-
cations make use of diamond, more specifically diamond
with nitrogen-vacancy (NV) defects.1,2 This optically ac-
tive defect makes it possible for diamond to be used for
high resolution magnetometery, quantum entanglement
experiments, such as testing of the Bell inequality, and
much more.3–8 Although it is possible to produce NV cen-
tres in diamond in a controlled way, the efficiency of the
NV centre itself is limited by its strong electron-phonon
coupling.3,9 However, because diamond has a very large
band gap this provides opportunities for the use of alter-
nate optically active defects.10–12 In this context, both
the Si- and Ge-vacancy defect have received increased
interest.13–17
Within condensed matter science, rare-earth (RE) el-
ements receive a lot of attention as optical dopants, as
they give rise to very sharp emission lines, for a wide va-
riety of wavelengths from UV to IR.18–23 Furthermore,
their filled d-shell shields the long lived excited states. In
particular Eu and Gd are of great interest as both have a
half-filled 4f shell. Luminescent Eu is used in inorganic
scintillators, but also wide band gap semiconductors such
as ZnO.24–30 The high quantum efficiency and long pho-
toluminescence decay times of RE elements (milliseconds,
compared to nanoseconds for NV, SiV, or GeV) makes
them very interesting color centres for quantum memory
and repeater applications. Also in case of diamond, lan-
thanides are receiving attention as possible luminescent
centres. Tan and co-workers calculated the zero-phonon
line and emission wavelength of Pr-based defects in dia-
mond using first principle methods.23 The incorporation
of Er and Yb was reported by Cajzl and co-workers.21,22
They showed Er to form multiple stable configurations
in diamond and to present luminescence in the near in-
frared region.21 Ekimov et al. investigated the catalytic
properties of RE for the High Pressure High Temper-
ature (HPHT) synthesis of diamond.31,32 Recently, the
incorporation of Eu in diamond during chemical vapour
deposition (CVD) was reported by Magyar et al. and
Sedov et al.33,34
Magyar and co-workers present the synthesis of Eu-
doped diamond through the self assembly of a Eu con-
taining precursor complex on the diamond surface, which
is then overgrown with diamond during a standard CVD
experiment.33 The resulting samples show typical Eu flu-
orescence with a strong line at 612 nm. Sedov and co-
workers, on the other hand, incorporate EuF3 particles
in diamond, while retaining the photoluminescent prop-
erties of Eu.34 Ekimov and co-workers showed that Eu,
Er and Tm exhibit catalytic activity during HPHT syn-
thesis of diamond. However, in contrast to the previous
two studies, they note that neither of these lanthanides
shows photoluminescence, and they propose the photo-
luminescence observed earlier by Magyar and co-workers
is not due to Eu but rather due to the Eu(DPA)3 com-
plexes imbedded in the diamond samples. To this date,
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2no detailed theoretical electronic structure calculations
have been performed on Eu dopants in diamond.
In this work, we present a combined theoretical–
experimental study of Eu-doped diamond and to resolve
the question whether Eu can form luminescent centres in
diamond. RE elements have a complex electronic struc-
ture, with a f electrons being shielded by the outermost d
electrons. Computational modeling can provide detailed
insight in this electronic structure, with a clear correla-
tion to the underlying atomic structure. We focus on
the oxidation state of possible defects and the electronic
structure in all its facets. Also the role of temperature
on the defect stability is determined. We discuss sev-
eral treatments for preparing diamond films, all aimed at
achieving Eu-doping, and analyse the synthesized films
by photoluminescence (PL) spectroscopy.
II. METHODOLOGY
A. Theoretical model
In this work, we consider three models for Eu dopants
in bulk diamond: (1) diamond with substitutional
Eu doping, Eusub , (2) diamond with an Eu-vacancy
defect, Eu1V , and (3) diamond with an Eu-divacancy
complex, Eu2V . Each of the three models are created
in a conventional cubic 64-atom cell by the substitution
and removal of neighbouring C atoms. The initial local
geometries of the three models is shown in Fig. 1. For
each of the models, a large number of possibly unpaired
electrons are present. The Eu ion itself presents 7
unpaired f electrons, while the C atoms neighbouring
the vacancies give rise to 3 and 6 dangling bonds for the
single- and divacancy models, respectively. Since these
unpaired electrons can give rise to many possible recom-
binations, various spin-configurations are considered as
well. For each of the spin systems, the atomic geometry
is optimised.
B. Computational details
First-principles density functional theory (DFT)
calculations are performed with the VASP code. We
use the generalised gradient approximation (GGA) as
constructed by Perdew, Burke and Ernzerhof (PBE)
to describe the exchange and correlation behaviour of
the valence electrons (the 2s22p2 and 5s25p66s24f7
electrons for C and Eu, respectively) during structure
optimization and the calculation of the vibrational
spectra.36 Because the f electrons of lanthanides
are known to show strongly correlated behaviour, a
Hubbard-U-type correction is included (DFT+U) for the
Eu f electrons in all PBE level calculations. We make
use of the implementation suggested by Leichtenstein
and co-workers,37 using an on-site Coulomb parameter
U=7.397 eV and an on-site exchange parameter J=1.109
eV for Eu, as suggested in the literature.30,33,38,39 For
C, no +U corrections are used during the final structure
optimisation in the presented results, although the
on-site Coulomb and exchange parameters, optimized
for the C vacancy in diamond,40 were used to stabilize
the initial electronic structure optimisations. Because
the choice of the U parameter has a significant influence
on the electronic structure of a system,24 we make use of
the HSE06 hybrid functional for the calculation of high
accuracy electronic structures, circumventing the issue
of parametrisation.41,42 This range-separated hybrid
functional is specifically designed for solids and has
successfully been used for a wide range of materials,
including defects in diamond.40,43–47
The lattice parameters, cell volume, and ionic positions
are optimized simultaneously using a conjugate gradient
method with the energy criterion set to 1.0 × 10−7. As
a result, the largest remaining force on a single atom is
below 2 meV/A˚.48 The vibrational spectrum is calcu-
lated using the finite difference method for constructing
the hessian matrix. From the latter, the dynamical
matrix at each point of first Brillouin zone is calculated
using the in-house developed HIVE toolbox. The kinetic
energy cutoff is set to 600 eV, while the first Brillouin
zone is sampled using a 4× 4× 4 (structure optimisation
and HSE06 calculations), 5 × 5 × 5 (PBE+U static and
vibrational calculations) or a 9× 9× 9 (PBE+U density
of states) Monkhorst-Pack special k-point grid. In case
of the HSE06 calculations, no further reduction of the
k-point mesh for the Hartree-Fock part is employed, as
in our previous work.40 Atomic charges are calculated
using the Hirshfeld-I partitioning scheme.49–51 A charge
convergence criterium of 1.0 × 10−5 electron is set, and
charges are integrated on a logarithmic radial grid with
atom-centred spherical shells of 1202 grid-points.52,53
C. Experimental setup
Nanocrystalline diamond was chosen for the exper-
imental study as the large surface area of the films,
compared to small single crystal diamond substrates,
allows for greater detection of the Eu fluorescence
signature in PL. PL spectroscopy was performed in a
Fluorolog 3-22 Tau system (Horiba Jobin-Yvon), with
an excitation wavelength of 395 nm, with the excitation
and emission slit widths at 5.0 and 0.5s integration
time. Follow up work investigating the incorporation of
Eu in single crystal diamond, requiring more sensitive
measurement techniques, is planned. Boron-doped
nanocrystalline diamond (B:NCD) films are grown on
1 cm × 1 cm borosilicate glass substrates (Corning Eagle
2000). The substrates are cleaned using an RCA1 clean
(5:1:1 - H2O:NH3:H2O2 at 80
◦C for 10 min), flushed
with milipore filtered deionized (DI) water, and then
3FIG. 1. (a) Ball-and-stick representation of the initial geometry of the (a) Eu-substitutional dopant, Eusub, (b) the Eu-vacancy
defect, Eu1V , and (c) the Eu-divacancy complex, Eu2V . Red cubes indicate the position of the vacancies, blue cubes the position
of the Eu atom, C atoms neighbouring the defect are numbered. The ball-and-stick images are created using VESTA.35
cleaned with an RCA2 clean (6:1:1 - H2O:HCl:H2O2
at 80 ◦C for 10 min). The substrates are then seeded
with a colloidal suspension of detonation nanodiamonds,
6–7 nm in size (NanoCarbon Institute Co., Ltd.) with
a zeta potential of (45 ± 5) mV. The suspension is
diluted in water to a concentration of 0.33 g L−1. The
seeding solution is drop-cast and then spun at 4000
rpm on a commercially available spin coater (WS-400B-
6NPP/LITE, Laurell Technologies Co.). During the first
20 s of spinning the sample is rinsed continuously with
DI water, and then allowed to spin-dry.
B:NCD films are deposited by microwave plasma
assisted chemical vapor deposition (MPACVD) in an
ASTeX 6500 series 2.45 GHz microwave power sup-
ply reactor. Boron-doped diamond is used for these
experiments to minimise the background luminescence
from the negatively charged NV centre, which can be
minimised through boron doping.54 Trimethylborane
(TMB), dissolved in H2, is used as the gas-phase boron-
containing precursor. The vacuum chamber is pumped
down prior to deposition by turbomolecular pump to a
base pressure of <5× 10−6 mbar. The forward power is
set to 3500 W, and the working pressure is held at 30
Torr. The total flow rate of the predominantly H2 pro-
cess gas is 500 sccm, with a 1% CH4 concentration and
a TMB/CH4 ratio of 20, 000 ppm (2%). The thickness
of grown films is determined in situ by observing the
interference fringes of a 405 nm laser, and the deposition
is stopped after 47 min at a thickness of 150 nm.
Samples grown in the same reactor under similar growth
conditions55,56 indicate that the B:NCD films have
boron concentrations of approximately 5× 1021 cm−3.
Eu(III) tris(dipicolinic acid) (Eu(DPA)3) is used
as the Eu-containing precursor for all of the samples
studied in this work. The Eu(DPA)3 complex is syn-
thesized according to a slightly adapted procedure from
the literature,57 as shown in Fig. 2. Dipicolinic acid is
deprotonated using an excess of sodium carbonate. After
adding EuCl3 hexahydrate, the chlorine counterions are
exchanged with three dipicolinic acid ligands, yielding
FIG. 2. Synthesis procedure of Eu(III) tris(dipicolinic acid)
(Eu(DPA)3)
the desired complex, as confirmed by 1H NMR. Here we
deliberately choose to employ sodium carbonate rather
than sodium hydroxide to avoid formation of Eu(OH)3
as a side product.
All samples are oxygen (O) terminated prior to Eu
treatment in a Novascan PSD-UV Benchtop UV-ozone
Cleaner for 1 h. The electrostatic assembly method
described in Magyar et al.33, which makes use of an
electronegative polymer material, is attempted on
several samples. We use Poly(allylamine hydrochloride)
(PAH) with average molecular weight Mw = 17.5 kDa
(Sigma Aldrich), as Mw = 50k PAH used in Magyar
et al. was not available at that time. The PAH is
dissolved in water (0.1M by monomer) and the pH is
adjusted to 8.0 by the dropwise addition of ammonium
hydroxide. Eu(DPA)3 is diluted to 0.1M in water,
and the pH adjusted to 3.8 by dropwise addition of
hydrochloric acid. The incubation steps in the PAH and
Eu(DPA)3 are performed for 3 h on one sample and 22
h on another. We were, however, not able to measure
the Eu signature by PL signal on samples treated this
way before deposition, and so did not perform diamond
deposition on the electrostatically assembled samples.
The treatments investigated for samples exposed
to the diamond growth plasma are summarised in
table I. Eu(DPA)3 is deposited by either drop-casting or
spin-coating. For drop-casting, 0.2 mL of the Eu(DPA)3
solution is applied to the O-terminated diamond surface,
4TABLE I. Summary of Eu-precursor deposition methods
Deposition Method
Sample PAH Eu(DPA)3
(a) N/A Drop-cast
(b) Drop-cast Drop-cast
(c) N/A Spin-coated
and allowed to evaporate while heating at 100 ◦C on a
hotplate in a cleanroom environment. The deposited
Eu(DPA)3 film appears milky white in colour. For
Sample (b) 0.2 mL of the PAH solution is applied before
the Eu(DPA)3 drop-casting procedure is performed.
Spin-coating of Eu(DPA)3 is performed by applying 0.2
mL to the sample surface and then spinning at 300 rpm
for 60 s before spin drying at 4000 rpm for 40 s.
The Eu-treated B:NCD films are then exposed to
a diamond growth plasma for 10 min under similar
conditions as were employed in the work of Magyar et
al.33 A plasma feedgas of 400 sccm of H2 and 40 sccm of
CH4 is used, without the intentional addition of TMB,
in the same diamond deposition reactor as was used to
grow the B:NCD films. The forward microwave power is
held at 2500 W at a pressure of 17 Torr.
The substrate temperature during the initial substrate
deposition was approximately 700 ◦C, as estimated from
measurements taken by infrared pyrometer (Cyclops 52,
Minolta, peak mode, ε = 0.6), on similar samples during
growth runs with the same deposition conditions, in the
same reactor. During the 10 min overgrowth step, a
strong orange coloured optical emission, assumed to be
due to the exposure of the Eu-containing precursor to
the plasma environment, obscured the sample surface,
preventing the assessment of the temperature by infrared
emission during this phase.
III. RESULTS AND DISCUSSION
While modeling the defect(-complexes) at the quan-
tum mechanical level, both atomic positions and electron
distributions are taken into account. The latter aspect
manifests itself in the spin-configuration of the system,
which can have a significant impact on global materials
properties in case d or f block elements are involved.58
For highly localized systems such as defects, initially un-
paired electrons can form pairs to stabilize the system,
as is the case for the C-vacancy in diamond.40 The com-
bination with a strongly correlated material, such as a
transition metal or RE, can complicate the situation sig-
nificantly. In case of the substitutional incorporation of
Eu in diamond, there are 11 electrons to consider (7 Eu
f -electrons, and 4 electrons in the bonds of the nearest
neighbour C atoms). If one assumes Eu to be in the 2+
oxidation state, then 2 C electrons are left unpaired, giv-
ing rise to 9 unpaired electrons. In case of Eu3+, only 1
FIG. 3. (a) Ball and stick representation of the Eu7bsub system,
indicating the broken symmetry along the a lattice vector
direction. (b) Comparison of the phonon band structure and
the phonon density of states of the Eu7asub (black) and Eu
7b
sub
(red) systems. The atom-projected density of states for the
Eu ion is indicated, presenting a very distinct feature at low
energies.
C electron is left unpaired, as well as 6 Eu f -electrons,
giving a total of 7 unpaired electrons. A similar mental
exercise can be performed for the Eu-vacancy and Eu-
divacancy models, leading to configurations with 7, 9,
and 11 unpaired electrons for the former, and 7, 9, 11,
and 13 unpaired electrons for the latter. However, many
of these spin configurations give rise to unphysical elec-
tronic structures.59 For this reason, we only present the
spin configurations with 7 and 9 unpaired electrons as
these are present for each of the models. In this work,
we indicate the number of unpaired electrons with a su-
perscript in the system names.
A. Structure and stability
In comparison to C, Eu is a very large atom,60 and as
such it is expected to introduce a significant amount of
strain into the system. To gain insight in this property,
we calculate the defect size Rd,
61 the defect volume Vd,
and the induced strain energy Es. The defect volume
is simply calculated as Vd = VEuC − nC · VC : the
volume of the C atoms in the system subtracted from
5TABLE II. Structural properties of the Eu defect in diamond: the coordination of the Eu ion (coord), the defect radius Rd and
volume Vd, the zero point energy (ZPE), formation energy (Ef ) and strain energy (Es).
PBE+U HSE06
coord Rd Vd Ef Es ZPE Ef Es
A˚ A˚3 (eV) (eV) (eV) (eV) (eV)
Eu7asub 4 1.598 24.177 18.342 12.738 10.692 19.400 14.631
Eu7bsub 4 1.504 23.999 18.161 12.989 10.721 19.379 14.901
Eu9sub 4 1.598 24.195 18.457 13.167 10.686 20.154 15.100
Eu71V 6 1.368 24.660 13.264 7.023 10.630 14.644 9.082
Eu91V 6 1.366 24.822 13.700 6.858 10.620 15.125 8.573
Eu7p2V 6 1.198 27.244 13.656 7.465 10.406 15.179 8.589
Eu7c2V 6 1.208 27.228 13.704 7.606 10.394 15.100 8.780
Eu92V 6 1.244 27.397 13.764 7.787 10.374 15.476 9.127
TABLE III. Interatomic distance between Eu and its NN C atoms. The C atoms are indexed as in Fig. 5
C1 C2 C3 C4 C5 C6 C7 C8
Eu7asub 2.050 2.050 1.982 2.050
Eu7bsub 2.140 1.909 1.909 2.140
Eu9sub 2.027 2.027 2.027 2.120
Eu71V 2.194 2.194 2.194 2.194 2.194 2.194
Eu91V 2.187 2.187 2.203 2.203 2.187 2.187
Eu7p2V 2.200 2.200 2.316 2.316 2.677 2.314 2.314 2.670
Eu7c2V 2.211 2.211 2.390 2.389 2.811 2.274 2.274 2.540
Eu92V 2.247 2.247 2.308 2.308 2.683 2.308 2.308 2.683
TABLE IV. Hirshfeld-I charges of the Eu defect in diamond in units of electron.49,50 The C atoms are indexed as in Fig. 5.
The charge of the defect is the sum of the Eu charge and the NN C ions “bound” to the Eu ion.
Eu defect C1 C2 C3 C4 C5 C6 C7 C8
Eu7asub 2.218 −1.762 −1.023 −1.023 −0.911 −1.023
Eu7bsub 2.228 −1.484 −1.085 −0.771 −0.771 −1.085
Eu9sub 2.148 −1.626 −0.906 −0.906 −0.906 −1.056
Eu71V 2.294 −2.318 −0.768 −0.768 −0.770 −0.770 −0.768 −0.768
Eu91V 2.286 −2.302 −0.728 −0.728 −0.838 −0.838 −0.728 −0.728
Eu7p2V 2.408 −2.126 −0.943 −0.942 −0.664 −0.664 −0.312 −0.665 −0.665 −0.321
Eu7c2V 2.148 −1.825 −0.795 −0.792 −0.570 −0.572 −0.202 −0.622 −0.622 −0.468
Eu92V 2.100 −1.764 −0.686 −0.686 −0.623 −0.623 −0.330 −0.623 −0.623 −0.331
the system volume, using the volume of a single C atom
in pure diamond as VC . The strain energy is calculated
by replacing the Eu atom with a single C atom, and
calculating the difference in energy with the relaxed
C configuration (i.e., in case of Eusub the relaxed C
configuration is pure diamond, while for the Eu1V and
Eu2V this is the neutral C vacancy, and divacancy in
diamond). The results are presented in table II.
In the substitutional models (Eu7asub and Eu
9
sub), Eu
remains 4-coordinated, pushing the nearest neighbour
(NN) C atoms slightly outward from their original
position, resulting in a Eu-C bond length of about 2
A˚(cf. Table III). Interestingly, the calculated size of the
Eu ion is almost 1.6 A˚, more than twice the size of a
C atom. The bonds of the four NN C atoms with the
next-NN C atoms reduces from the 1.55 A˚ in pristine
diamond, to 1.50 ± 0.01 A˚, resulting in an almost
planar geometry with the inter-C angles increasing to
118 − 120◦. As is to be expected, the induced strain is
very large, giving rise to an energy penalty of about 13
(15) eV for PBE (HSE06) calculations.
Interestingly, the Eu7asub system, although showing no
imaginary vibrational frequencies at Γ has a significant
imaginary frequency throughout the rest of the first
Brillouin zone (cf., Fig. 3). This is not the case for the
Eu9sub system, which shows no imaginary frequencies at
all. Starting from the latter geometry we reoptimised the
structure under the boundary condition of 7 unpaired
electrons to obtain the Eu7bsub system, free of imaginary
frequencies as well. As can be seen in table II, this
system is more stable than the Eu7asub system, even
though the strain energy increased. Furthermore, the
6local geometry of the Eu dopant has changed; Eu is
still 4-coordinated, but this time two C bonds are 1.9 A˚
in length, and two are 2.14 A˚ in length, giving rise to
a different distortion of the tetragonal geometry. This
difference between the Eu7asub and Eu
7b
sub systems may be
similar to the distortions predicted for Mn2+ in GaAs.62
Subramanian and Han note that the undistorted tetra-
hedral structure (the starting configuration for our Eusub
relaxations) is also an eigenstate of the total angular
momentum operator, where its trifold degeneracy can
be broken through a Jahn-Teller distortion, which we
observe for the Eu7asub and Eu
9
sub systems (cf. Table III).
However, these authors note there exists a unidirectional
compressive growth strain in the (Ga,Mn)As system,
which results in a polarization gradient along the
growth direction, and a splitting of the heavy and light
hole subbands. It also leads to the As NN “below” and
“above” the Mn ion to form different bonds. Considering
the Eu7bsub system, we find that, in contrast to Eu
7a
sub,
the structure is not perfectly cubic. Relative to the
Eu7asub system the system is slightly compressed along
the a lattice vector (3.622 vs. 3.629 A˚), while slightly
expanded along the b and c lattice vector (3.632 vs.
3.629 A˚). Furthermore, the NN C “below” and “above”
Eu, along the a lattice vector, show the same symmetry
breaking as is the case for the (Ga,Mn)As system,
indicative of a strain-stabilized Jahn-Teller distortion
(cf. Table III). This is corroborated by the strain energy
presented in Table II, which is largest for the Eu7bsub
system.
In the Eu-vacancy model, the Eu ion shifts to the
centre of the defect during relaxation, creating what
is known as a split-vacancy defect (cf. Fig. 5a). The
Eu ion is 6-coordinated. This increase in coordination
results in a reduced defect radius, albeit still larger than
the Shannon crystal radius of Eu.63 The volume of the
defect is slightly larger than for the substitutional case,
showing the Eu ion just fills up all available space. The
strain energy on the other hand reduces significantly,
presenting a first indication that this configuration is
preferred over the substitutional case. The Eu-C bond
length increases to 2.19 ± 0.01 A˚, and the six NN C
atoms are pushed outward from their initial position,
resulting in a more planar configuration with the next
NN C atoms. Each of the six NN C atoms presents
two C-C bonds of 1.53 A˚ and one C-C bond of 1.48 A˚,
breaking the local trifold symmetry.
The divacancy model presents a more complex recon-
struction upon relaxation, as is shown in Fig. 5a. The
different spin configurations give rise to very similar ge-
ometries. Similar to the Eu-vacancy model, the Eu ion
moves toward the centre of the defect and fills out the
available space as much as possible. However, although
8 C atoms are available for bonding, only 6 bonds are
formed. Interestingly all 8 C atoms neighbouring the de-
fect are pushed outwards. As a result, the two C atoms
FIG. 4. The Helmholtz vibrational free energy as a function
of the temperature, calculated based on the PBE vibrational
spectrum of the full first Brillouin zone. A zoomed in region
around room temperature is shown in the inset.
without Eu-bond obtain an sp2 configuration. The six
Eu-C bonds are split into two groups: with two shorter
bonds of 2.20 A˚ (Eu7p2V ) and 2.25 A˚ (Eu
9
2V ), and four
longer bonds of 2.32 A˚ (Eu7p2V ) and 2.31 A˚ (Eu
9
2V ). In
contrast, for the Eu7c2V system the two shorter bonds are
2.21 A˚, while the four longer bonds have varying lengths
of 2.27–2.39 A˚. This shows the impact of even slightly
different spin configurations and electron distributions
(cf. Table IV)
In contrast to expectation, the strain energy of the
divacancy system is roughly the same as for the single-
vacancy system. This may originate from the fact that
also in the divacancy model, Eu is only 6-coordinated,
as well as the fact that the relaxed divacancy is signif-
icantly more stable than two next NN single vacancies.
Furthermore, there are now 8 C atoms with a signifi-
cantly distorted local geometry, in contrast to only 6 for
the Eu-vacancy system. Taking the strain energy as well
as the defect formation energy into consideration, we ob-
serve that the addition of more than one vacancy does not
significantly improve the stability of the system, making
the existence of these more complex systems less likely
during CVD growth.
The temperature contributions to the total energy are
estimated as the Helmholtz vibrational free energy and
are shown in Fig. 4. The Helmholtz vibrational free en-
ergy contributions of all systems show the same qualita-
tive temperature dependence. The inclusion of vacancies
lowers the Helmholtz free energy at low temperatures.
Note that this lowering originates with the internal vibra-
tional energy, as the vibrational entropy term is roughly
the same for all systems. The divacancy systems have the
lowest Helmholtz vibrational free energy over the entire
range presented. At low temperatures the single vacancy
systems have a lower Helmholtz vibrational free energy
than the substitutional systems. However, at tempera-
7FIG. 5. (a)Ball-and-stick representation of the different mod-
els after structure optimisation. The NN C atoms are indi-
cated. (b) The local magnetisation of the defect for Eu7bsub
(left), Eu71V (middle), and Eu
7
2V (right). (c) The local mag-
netisation of the defect for Eu9sub (left), Eu
9
1V (middle), and
Eu92V (right). Blue and red indicate the spin up and down
components, respectively. All isosurfaces are taken at a value
of 0.001 e.
TABLE V. Band gap size of the Eu defect in diamond, using
the HSE06 hybrid functional. [units: eV]
spin spin effective
up down band gap
Eu7asub 1.620 1.350 1.300
Eu7bsub 1.940 1.550 1.400
Eu9sub 2.690 0.710 0.250
Eu71V 1.490 0.240 0.240
Eu91V 1.220 0.740 0.000
Eu7p2V 0.631 0.951 0.531
Eu7c2V 0.991 0.591 0.591
Eu92V 1.381 0.000 0.000
tures above 400K this order of the Helmholtz vibrational
free energy reverses. As can be seen in the inset, the en-
ergy differences are much smaller than those present in
the formation energies. As such, we do not expect tem-
perature effects to play an important role in the overall
stability order of the different Eu-defect models presented
in this work.
B. Electronic structure
For Eu to act as a luminescent centre in the visible
region of the spectrum in diamond,64 it should be in the
FIG. 6. The spin polarized total density of states of the
Eu-doped diamond systems ((a) Eu7bsub, (b) Eu
9
sub, (c) Eu
7
1V ,
(d) Eu91V , (e) Eu
7c
2V , and (f) Eu
9
2V ), as calculated using the
HSE06 functional. The projected density of states (PDOS) is
also shown for the Eu 5d-states (blue) and the Eu 4f -states
(orange). In addition, the total PDOS for selected NN C ions
is shown in green. The Fermi level is defined as the top of the
defect valence band.
3+ oxidation state. Furthermore, the Eu 4f and 5d-
states are expected to be located in the band gap. To
investigate the first aspect, we make use of the Hirshfeld-
I atoms-in-molecules (AIM) partitioning method.49–51
This is a robust AIM method which provides atomic
charges, larger than those obtained with the Mulliken
or normal Hirshfeld methods, but still smaller than the
8formal charge.51 As such we can use this method to infer
the oxidation state of the Eu ion.
In Table IV, we present the Hirshfeld-I charges of the
Eu ion and its NN C atoms, as well as the total charge
of the complex (Eu+NN C). For each of the considered
systems, the charge of the Eu ion exceeds +2 indicating
Eu to be in the Eu3+ oxidation state. All NN C atoms
on the other hand have a large negative charge, creating
a dipole at the defect site. Interestingly, these negative
charges are much larger than would be expected if only
charge transfer from the Eu ion is involved. As a re-
sult, the entire defect(-complex) has a significant global
negative charge (cf. Table IV). If all NN C atoms are
considered, the defect charge steadily decreases with the
defect size as more negatively charged C are considered.
However, if only the NN C ions bound to the Eu ion are
considered, then the total defect charge has a minimum
for the Eu-vacancy systems. In this work, we only con-
sider single defects, due to the relatively small super cell
used. As a result, all the additional negative charge accu-
mulated on the Eu-defect complex has been drawn from
the nearby C atoms. However, in an experimental sam-
ple, also other defect-centres will be present, such as N
or P which may provide the additional charge. However,
a detailed study of such interactions is beyond the scope
of the current work, and will be taken up in future work.
The total density of states (DOS) and projected DOS
(PDOS) of the different systems are shown in Fig. 6.65
It is immediately clear that for the systems with 9 un-
paired electrons there is no or only a very small effective
band gap present (cf. Table V). With the exception of
the divacancy system (which appears to be a half-metal),
this is due to the relative alignment of the majority (up)
and minority (down) spin densities. The substitutional
system with 7 unpaired electrons shows the largest effec-
tive band gap, as well as the largest individual spin band
gaps of about 1.5–2.0 eV. At this point, it is important
to note that the hypersensitive transition of Eu3+ lumi-
nescence obeys the selection rules |∆S| = 0, |∆L| ≤ 2,
and |∆J | ≤ 2.27 As a straightforward consequence, this
means that it are the spin band gaps which are relevant
for possible luminescence. Therefore the spin band gaps
of the Eu7sub systems are perfectly in the energy range of
the photoluminescence observed for Eu3+. Furthermore,
the defect states seen in the band gap (cf., Fig. 6a) have
a Eu 5d and 4f character, again what should be expected
in the presence of luminescent Eu.
In contrast, the gap states for the Eu-split-vacancy sys-
tem show no 5d character, but a combination of mainly
Eu 5p (not shown) and some 4f character, as well as C 2p
character, indicative of the Eu-C bonding. The most pro-
nounced Eu 5d and 4f contributions, relevant for Eu3+
luminescence in the Eu-split-vacancy model, are found at
the valence (4f states) and conduction (5d states) band
edges of the host diamond band gap, resulting in a large
separation between the d and f states. As such, it is
unlikely, that this system will present the luminescence
expected around 611 nm of Eu3+.
FIG. 7. Photoluminescence spectroscopy of the Eu(DPA)3
precursor solution, a sample treated with the Eu(PDA)3
by drop-casting but not exposed to the diamond deposition
plasma, and Samples (a), (b) and (c).
In case of the Eu-divacancy system, the gap states
again show a clear Eu 5d and 4f character, as well as a
strong C 2p character showing these states to be involved
in the bonding of the Eu ion. In case of the Eu92V system,
the small band gap in the majority channel originates
from the Eu 4f states, while the half-metal behaviour of
the minority channel originates from the Eu 5d states. In
contrast, the Eu7p2V and Eu
7c
2V systems are semiconduct-
ing for both spin channels. It is also interesting to note
that the band gap for both spin channels is determined
by the Eu d states. Unfortunately, the spin band gaps of
the Eu7p2V and Eu
7c
2V systems (0.6 to 1.0 eV) are too small
to allow for the expected Eu3+ luminescence at 611–614
nm, which requires a band gap of about 2.02 eV. In con-
trast, these smaller band gaps could be a hint toward
the potential for IR applications of this system. As we
did not perform PL measurements in this region, further
corroboration of this theoretical result is still needed.
If we look back at the local geometry of the Eu-
divacancy complexes it is hard not to notice the large
amount of sp2-like C present. In a polycrystalline dia-
mond film, grain boundaries provide naturally occurring
regions with a high density of sp2 C. As such, one could
speculate that such a more amorphous or diamond-like
carbon (DLC) region could provide the required environ-
ment for Eu to form a luminescent centre. This will be
the subject of future work.
C. Experimental results
Photoluminescence spectroscopy was performed on the
Eu(DPA)3 solution, as shown in Fig. 7. The Eu(DPA)3
precursor shows the characteristic peaks for Eu including
the main peak at approximately 614 nm, as previously
9been reported in the literature.33 The PL of a diamond
substrate which was not grown, but was treated by
drop-casting also shows the same PL signature once the
precursor is deposited on the surface. PL from the three
samples described in table I is also shown in Fig. 7.
Sample (a), which was drop-cast, shows the strongest Eu
signature, at 611 nm, indicating that some Eu-containing
material remained after the diamond deposition process.
Sample (b) also shows a peak at approximately 611 nm,
indicating the presence of Eu, however the background
PL signal is much higher in this sample. We attribute
this to the co-deposition with PAH in this sample.
This indicates that the PAH is not necessary for the
detection of an Eu PL signature following exposure
to a growth plasma. Moreover, the use of PAH may
decrease the PL signal relative to the background. Any
Eu signature for Sample (c) was below the detection
threshold. This could signify the incorporation of Eu
as Eu-split-vacancy or Eu-divacancy defect, as expected
from our calculations. Alternately, the presence of
the Eu luminescence peak does not indicate that the
Eu is incorporated in the diamond for both Samples
(a) and (b).32 However, the PL spectrum does change
relative to the signature prior to growth. The main peak
position shifts slightly toward lower wavelengths, from
614 to 611 nm, and a more pronounced shoulder of the
peak, at about 625 nm, appears. These changes are
not attributable to a change in calibration, as the same
calibration was used on the same day for the drop-cast
sample and Samples (a)-(c). We note that a shoulder
peak at approximately 625 nm can also been seen in
the PL spectra of Eu-treated diamond after exposure
to a growth plasma in the work of Magyar et al.33 The
presence of B co-doping, added to passivate SiV and NV
defects of these samples, is expected to have a limited
impact on the PL of Eu, as the luminescence of Eu
is inherent to the electronic structure of the Eu ion
(i.e., transition between Eu d and f states). As such,
although the incorporated B may give rise to additional
states in the band gap, modifying the global electronic
structure, these states are not directly involved in the
photoluminescence of the d− f transition of Eu.
IV. CONCLUSION
In this work, we present a combined theoretical–
experimental study of Eu-doped diamond. We show that
the high defect formation energy is mainly due to the
induced defect strain energy. Interestingly, the strain en-
ergy and defect formation energy show no further im-
provement beyond the incorporation of the first vacancy
(i.e., the Eu-vacancy). Inclusion of temperature effects
through the vibrational energy does not change the quali-
tative stability picture of the different configurations and
defect models. In future work, the role of the defect con-
centration on the stability will be considered.
In the case of substitutionally doped diamond, Eu is
4-coordinated despite the large induced strain. Further-
more, a strain-stabilized Jahn-Teller distortion gives rise
to a polarisation of the Eu defect, similar to what is ob-
served in the (Ga,Mn)As system. The Eu-vacancy and
Eu-divacancy defects on the other hand both give rise
to 6-coordinated Eu, even though two more C are ac-
cessible for bonding in the latter case. Electron density
partitioning shows Eu to be positively charged and in
the 3+ oxidation state. The nearest neighbour shell of C
atoms on the other hand is negatively charged, leading to
a strong local polarization. In addition, the full defect-
complex is negatively charged, with a charge in the range
of −1.5 to −2.3 electron.
Even though the Eu ion is shown to be in the 3+ oxi-
dation state in each model, the electronic band structure
presents a rather complex picture. As a result, the an-
swer to whether Eu forms a luminescent centre is not
unique, and depends strongly on the local geometry and
spin configuration. In summary:
• Substitutional doping with Eu is the most promis-
ing candidate for the observation of the 611 nm
luminescence of Eu3+.
• The Eu-vacancy model is not expected to present
any luminescence related to the typical Eu d − f
transitions.
• The Eu-divacany system could give rise to lumi-
nescent transitions, albeit at a much longer wave-
lengths (i.e., IR).
Based on the Eu-divacancy results, we suspect that
incorporation of Eu in the grain boundaries or in
diamond-like carbon may give rise to the formation of
luminescent centres due to the presence of sp2 carbon, a
topic for future investigations.
Diamond films are prepared with the Eu(DPA)3 pre-
cursor using three different methods and then exposed to
a diamond growth plasma for 10 min. PL measurements
indicate that Eu-containing material remains in samples
treated with drop-casting. Changes in the PL spectrum
after exposure to the growth plasma provide preliminary
evidence for the potential incorporation of Eu in the
diamond film, however additional experimental work
is needed to fully prove Eu inclusion in the diamond
lattice. Future work examining and optimising the
incorporation of Eu in single crystal diamond is also
planned. Treatment with PAH is found not to be
required to demonstrate the Eu signature, and increased
the background PL when drop-cast under the Eu(DPA)3
precursor.
PRIME NOVELTY STATEMENT
Eu doping in diamond has been studied by means of
high accuracy first-principles calculations. The local de-
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fect geometry is crucial with regard to the possible photo-
luminescence of Eu, even though Eu is shown to present
a 3+ oxidation state for all defect models. The incorpo-
ration of Eu in diamond was also studied experimentally,
indicating that Eu containing material can remain af-
ter exposure to diamond growth plasma if drop-cast on
the surface. Furthermore, the presence of PAH is not
required, and increases the PL background.
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